The production of chitinase by Trichoderma species is of interest in relation to their use in biocontrol and as a source of mycolytic enzymes. Fourteen isolates of the genus were screened to identify the most effective producer of chitinase. The best strain for chitinase was Trichoderma hurziunum 39.1, and this was selected for study of the regulation of enzyme synthesis. Washed mycelium of T. hurziunum 39.1 was incubated with a range of carbon sources. Chitinase synthesis was induced on chitin-containing medium, but repressed by glucose and Nacetylglucosamine. Production of the enzyme was optimal at a chitin concentration of 0.5 %, at 28 "C, pH 6.0 and was independent of the age of the mycelium. The synthesis of chitinase was blocked by both 8-hydroxyquinoline and cycloheximide, inhibitors of RNA and protein synthesis, respectively. The mode of chitinase synthesis in this fungus is discussed.
Introduction
Chitin, a fi-1,4-linked polymer of N-acetylglucosamine, is a major component of the cell wall of many fungi (Austin et al., 1981; Peberdy, 1990) . The enzymic degradation of chitin by micro-organisms occurs in two consecutive steps : first the hydrolysis by chitinase [ poly( 1,4-(N-acetyl-fi-~-glucosaminide)) glycanohydrolase; EC 3.2.1.141 to oligomers, mainly dimers, followed by their degradation to free N-acetylglucosamine by chitobiase (N-acetyl-fi-glucosaminidase; EC 3.2.1.30). The monosaccharide released can then be metabolized by many organisms (Jeuniaux, 1966) .
These enzymes are widely distributed in nature and have been detected in bacteria and fungi (Cabib, 1987) . Fungal chitinases are involved in gross autolysis associated with the release of spores and stipe elongation in some basidiomycetes (Iten & Matile, 1970) and autolysis of mycelium in cultures (Isaac & Gokhale, 1982) . They may have a nutritional role (de Vries & Wessels, 1973) and a morphogenetic function in hyphal growth and differentiation of fungi (Bartnicki-Garcia, 1973 ; Burnett, 1979; Wessels, 1984) .
In recent years several workers have suggested that chitinase-producing fungi, e.g species of Trichoderrna, can be effective as biological control agents against fungal pathogens (Tokimoto, 1982; Chet, 1987) . The main mechanism involved in the antagonism of Trichoderma spp. and pathogenic fungi appears to be the release of lytic enzymes, including chitinases. C hitinases are produced by Trichoderma harzianum when it is grown in the presence of chitin or isolated fungal cell walls (Elad et al., 1983; Ridout et al., 1988; Tokimoto, 1982) ; however, other nutritional conditions that promote synthesis of this enzyme have not been investigated. Furthermore, it is not known whether the induction of chitinase by chitin in T. harzianum is effected by the same inducer-repressor mechanism as has been proposed for other hydrolases produced by Trichoderma strains (Merivuori et al., 1985) . The objective of this study was to determine the physiological conditions which induce and repress chitinase production in T. harzianum.
Chitinase assay. The assay is based on the estimation of reducing sugars released during the hydrolysis of swollen chitin. The reaction mixture, containing 1 ml 0.5% swollen chitin (suspended in 5 0 m~-sodium acetate buffer pH 5.2, containing 0.02% sodium azide) and 1 ml enzyme solution, was incubated for 1-24 h at 40 "C with shaking, and then centrifuged at 4000 r.p.m. for 5 min. The amount of reducing sugar released in the supernatant was determined by the method described by Miller (1959) , using N-acetylglucosamine as standard. One unit (U) of activity was defined as the amount of enzyme which catalyses the release of 1 pmol reducing sugar in 1 h at 40°C. Specific activity is given in units (mg protein)-'.
Chitobiase activity. Chitobiase activity was determined by estimating the amount of p-nitrophenol released when enzyme preparations were incubated with p-nitrophenyl-N-acetyl-fi-D-glucosamine. The reaction mixture comprised 0.2 ml 5 mM-substrate, 0-7 ml 10 mM-potassium phosphate buffer pH 6-0, and 0.1 ml enzyme solution. After 10 min at 37"C, 2-Om1 0.25 ~-N a , c o~ was added to stop the reaction. The amount of p-nitrophenol liberated was measured spectrophotometrically at 405 nm. One unit (U) of activity was defined as the amount of enzyme that liberates 1 pmol of the reaction product from the substrate min-' .
Enzyme purijication. All operations were carried out at 4°C. Ammonium sulphate was added to the supernatant, from cultures grown on a chitin-containing medium, to give 75% saturation. The precipitate formed was collected by centrifugation and after dialysis (against 50 mw-sodium acetate buffer pH 5.5: buffer A) was applied to a Q-Sepharose column (1.6 x 37 cm) previously equilibrated with buffer A. The chitinase which passed through the column in the void volume, was collected, concentrated by lyophilization and applied to a Sephadex G-100 column (2.6 x 92 cm). The column was equilibrated and eluted with buffer A, at flow rate of 15 ml h-l. Fractions containing chitinase activity were pooled and applied to a PhenylSepharose CL-4B column (1.5 x 6.0 cm) equilibrated with 10 mMpotassium phosphate buffer pH 6-7, containing 0.8 M-ammonium sulphate. The column was washed with a linear gradient of 0.8-0 Mammonium sulphate and active enzyme was eluted with a buffer solution containing no ammonium sulphate. Fractions showing chitinase activity were pooled and stored at -70 "C.
Analytical methods. Mycelium was lyophilized overnight for dry weight determination. Protein concentration was determined by the method of Bradford (1976) , using bovine serum albumin as standard. SDS-PAGE was carried out according to Laemmli (1970) , using an 11% (w/v) gel. Molecular mass markers were: bovine albumin (66 kDa), egg albumin (45 kDa), carbonic anhydrase (29 kDa) and trypsin inhibitor (20 kDa).
Reagents and chemicals. Size markers for electrophoresis, chitobiose, p-nitrophenyl-N-acetyl-1-wglucosamine, cycloheximide, chitin and chitosan were commercial products from Sigma. 8-Hydroxyquinoline was purchased from FSA. Swollen chitin used in the chitinase assay was prepared from chitin by the method described Sneh (1981) . All other chemicals used in the experiments were of the highest reagent grade.
Screening for extracellular chitinase and chitobiase production
The Trichoderma strains were grown in TM medium, supplemented with 0.3 % (w/v) glucose and 0-5 % (w/v) chitin, at 28 "C and shaken at 180 r.p.m. After 48 h the cultures were harvested and protein, chitinase and chitobiase present in the culture filtrates were determined. All 14 Trichoderma strains tested produced chitinase and chitobiase when grown on chitin-containing medium supplemented with 0.3 % (w/v) glucose (Table 1 ). The best strains for chitinase production were T. harzianum 39.1 and Trichoderma sp. 41.4, which produced nearly 3-1 7 times more enzyme than any other strain. After 48 h the level of chitinase and chitobiase released to the medium was similar in both strains (Table  1 ). The kinetics of chitinase production are illustrated in * GlcNAc, N-acetylglucosamine; GlcN, glucosamine. Fig. 1 . Synthesis of chitinase increased rapidly after 24 h, peaking at 48 h; longer periods of culture resulted in an increase in extracellular chitobiase activity and a decrease in chitinase activity. T. harzianum 39.1 was selected for further studies on chitinase synthesis.
Chitinase synthesis during growth on diflerent carbon sources
The synthesis of chitinase in the presence of its substrate raised the question of the regulation of synthesis. This was investigated using a range of alternative carbon sources ( Table 2) . Cultures were grown for 48 h under conditions previously described, harvested and analysed for growth, extracellular protein and chitinase activity. Enzyme production was not related to mycelial biomass, as most of the non-inducing sugars supported good growth. However, high chitinase activities were found only in cultures supplied with chitin ( Table 2) . Biomass produced on chitin-containing medium was not determined, because of inaccuracies due to the mycelium being adsorbed onto chitin. Growth on N-acetylglucosamine, at concentrations of 0.3 and 0.5 % (w/v), resulted in less enzyme production than was obtained with other non-chitinous substrates. In contrast, significant chitinase production, up to 20% of that of cultures grown on chitin, was observed in glucosamine-containing media ( Table 2) .
E#ect of various carbon substrates on the synthesis and secretion of chitinase in washed mycelium
To verify the importance of chitin for chitinase induction an experimental system was used in which non-induced, glucose-grown mycelium was incubated in the presence of various carbon substrates. Washed mycelium was incubated in minimal medium supplemented with a range of other substrates for 24 h at 28 "C, and activities of cell-bound and extracellular chitinase were determined. Synthesis of the enzyme was influenced by the sugar used as a carbon source, but significant levels of chitinase were found when mycelium was incubated with chitin, with yields fourfold higher than on glucose (Table  3) . This suggested that enzyme synthesis was induced by the substrate and the levels produced on glucose are constitutive. Clearly such a mechanism of control is not absolute because significant levels of production were obtained on lactose, xylose and mannose. Chitinase synthesis was repressed when other polymers such cellulose and chitosan were used as a substrate. Significant chitinase activity was present when the fungus was incubated in chitin-containing minimal medium, in the absence of any other compounds.
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Culture conditions f o r maximum chitinase synthesis in washed mycelium
The production of chitinase in washed mycelium in chitin-containing medium was temperature dependent, levels detected at 28 "C being higher than at 34 "C and 24 "C (Fig. 2a) . The physiological age of the mycelium was not a factor; both young and old mycelium, harvested at 18 h (linear phase) and 24 h (early stationary phase), respectively, showed similar production of extracellular chitinase (Fig. 2 b) . Production of chitinase was markedly affected by pH, with the optimum at 6.0 (Fig. 2c) . Chitinase production was substrate concentration dependent (Table 4) ; above 0.5% (w/v) chitin there was no further promotion of synthesis. There was no appreciable accumulation of cell-bound chitinase before the appearance of the enzyme in the medium (Tables 3 and 4) , indicating that synthesis and secretion of chitinase are closely associated events occurring only under conditions of favourable temperature and pH.
Efect of glucose and N-acetylglucosamine on chitinase induction
Experiments were carried out with washed mycelium in which chitin medium was supplemented with 1.0% (w/v) glucose or 1.0 % (w/v) N-acetylglucosamine at 0 h and 6 h of incubation. A decrease in chitinase production was observed in the presence of both carbon sources ( Table 5 , Fig 3) . Repression was greatest when glucose or N- Addition of the sugars 6 h after the onset of induction also repressed chitinase production (Fig. 3a) . The rate of acetylglucosamine was added to the chitin-containing utilization of the two sugars was similar ( Fig. 3 b) ; medium at the onset of the experiment. No induction exhaustion of glucose prompted the production of could be detected and the level of chitinase activity was enzyme, but this was not observed with N-acetylglucothe same as that produced in the presence of 1.0% (w/v) samine.
glucose or 1.0 % (w/v) N-acetylglucosamine alone (Table   5 ). The proteins secreted into the culture filtrate were concentrated by precipitation with 75 % saturation ammonium sulphate, separated by 11 % SDS-PAGE gel and visualized by staining with Coomassie blue (Fig. 4) . One protein band, with an apparent molecular mass of 40 kDa, was found only when chitin was used as carbon source. This protein has the same apparent molecular mass as purified chitinase from T. harzianum (39.1 kDa; Fig. 4 ). In the presence of glucose and N-acetylglucosamine this protein band was not observed.
Inhibition of RNA and protein synthesis and its efect on enzyme induction
To determine whether the production and secretion of chitinase was dependent on de novo protein synthesis, the effects of 8-hydroxyquinoline and cycloheximide, which inhibit RNA and protein synthesis respectively (McKeehan & Hardesty, 1969; Fraser & Creanor, 1974) , on chitinase production during induction were investigated. The results are shown in Table 6 . Both inhibitors exhibited a strong effect on chitinase production in washed mycelium. The induction of chitinase and entered the cell. protein synthesis was supressed far more with cycloheximide than with 8-hydroxyquinoline.
degrade chitobiose to N-acetylglucosamine before it Another explanation for chitinase induction is that chitinolytic micro-organisms have trace quantities of constitutive enzymes which are continuously released even under starvation conditions. The constitutive level of chitinase activity may be sufficient to initiate chitin degradation and release soluble oligomers. Vasseur et al.
Discussion
A wide range of prokaryotic and eukaryotic microorganisms have the potential to produce chitinolytic enzymes when chitin is present in the growth medium (Jeuniaux, 1966; Monreal & Reese, 1969) . Formation of chitinase in micro-organisms is thought to be controlled by a repressor-inducer system in which chitin or products of degradation (oligomers) serve as an inducer (Monreal & Reese, 1969) . Since chitin is insoluble, the micro-organisms are unable to utilize it unless it has been hydrolysed to soluble oligomers or N-acetylglucosamine. Several proposals have been made to explain how induction may occur in this situation. Monreal & Reese (1969) suggested that the most probable inducers of chitinase in Serratia marcescens are soluble oligomers derived from chitin, but not the monomer (N-acetylglucosamine). In contrast, St Leger et al. (1986) , using slow-feeding with sugars or alanine in a carbon-deficient medium, demonstrated that the most effective inducer of chitinase in Metarhizium anisopliae was N-acetylglucosamine, when supplied at a rate of about 20yg ml-l h-l. Smith & Grula (1983) , working with Beauveria bassiana, reported that the sterilization of chitin by autoclaving or boiling causes release of glucosamine and N-acetylglucosamine from the macromolecule and the solubilized components function as the inducers for chitinase synthesis. Roby et al. (1987) showed that some chitin oligomers (hexamer to nonamer), at high concentrations, enchanced chitinase activity in melon plants by a factor of 3 to 5.
The work described in this paper shows that chitinase synthesis in T. harzianum 39.1 is also regulated by products of chitin degradation. High chitinase activity was found only in cultures supplied with chitin but not with other polymers such as cellulose and chitosan, which is further indicative of induction. Interestingly, removal of the acetyl group produces a non-susceptible substrate (chitosan) and substitution of the N-acetyl group with OH (=cellulose) similarly yields a nonsubstrate. Neither c hitobiose nor N-acetylglucosamine promoted enzyme production in T. hurziunum 39.1 under the conditions of these experiments. The levels obtained were comparable with those produced with glucose.
(1990) reported the isolation of a mutant of Aphanocladium album with a high level of constitutive chitinase activity, which allowed an early degradation of chitin and early induction of chitinase when compared to the wild-type. Evidence that T. harzianum 39.1 produces chitinase constitutively was obtained in our experiments. Constitutive enzyme levels were produced when the mycelium was incubated with glucose, N-acetylglucosamine, glucosamine, sucrose, mannose or xylose, or even in the absence of a carbon source. These results lead us to the view that the probable inducers of chitinase in T. harzianum 39.1 are soluble oligomers derived from the chitin preparation or by the action of constitutive chi tinase.
Another possible suggestion, so far unsubstantiated, is that the signal for induction of synthesis of chitinase could result from the physical contact between the cell surface and the insoluble substrate, as has been proposed for cellulase biosynthesis (Berg & Petterson, 1977; Binder & Ghose, 1978) .
The inductive formation of chitinase in washed mycelium of T. harzianum 39.1 was markedly affected by addition of glucose or N-acetylglucosamine, suggesting that catabolic repression may be involved in the regulation of chitinase synthesis. The synthesis of various catabolic enzymes in micro-organisms is repressed when glucose or other readily metabolizable compounds are added to the culture. In Trichoderma viride (Nisizawa et al., 1972) and Trichoderma reesei (Merivouri et al., 1985) the formation of some hydrolases, including a-amylase, P-glucosidase, xylanase and cellulase, was affected by glucose. This phenomenon has been called the glucose effect (Epps & Gale, 1942) , or catabolic repression (Neidhardt, 1960; Holzer, 1976 ). It appears that the formation of certain types of enzymes in fungi is affected by catabolic repression to varying degrees, irrespective of whether they are inducible or constitutive (Nisizawa et al., 1972) .
Induction of chitinase was inhibited by addition of 8-hydroxyquinoline and cycloheximide, suggesting that de mvo transcription and translation are necessary for induction to occur.
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